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ABSTRACT
The results of a pilot test carried out near a tailings disposal pond at the Musselwhite
Mine, Northern Ontario, Canada are analyzed in this thesis to study the application of
coal fly ash in mine tailings under the natural setting. A set of water content and
temperature data is collected from four tanks at the test site filled with mine tailings
(Tank A), coal fly ash and mine tailings in a stratified approach (Tank B), and coal fly ash
and mine tailings mixtures in mass ratios of 10:90 (Tank C) and 15:85 (Tank D),
respectively. These data are analyzed in this thesis. Furthermore, the thermal properties of
mine tailings and mixtures of coal fly ash and mine tailings are measured by a thermal
properties analyzer, and their soil-water characteristic curves are developed by the filter
paper method in the lab. The results from the lab tests are correlated to the field
observation to enhance the understanding of field application of coal fly ash in the
management of reactive mine tailings.

Key Words: coal fly ash, acid mine drainage, thermal properties, soil-water characteristic
curves
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CH A PTER 1
INTRODUCTION

1.1 Background
With the increasing demand of valuable metals, the mining industry has grown
dramatically, which results in significant environmental issues, such as erosion, formation
of sinkholes, loss of biodiversity, and contamination of soil, ground water and surface
water. Therefore, measures and techniques to control or remediate the environmental
problems caused by mine tailings have become essential.

Acid mine drainage (AMD) is generated from continuous oxidation of sulphides in mine
tailings, and it is accelerated by the presence of water, air and bacteria. Reactive mine
tailings often contain several minerals, such as, pyrite (FeSi), marcasite (FeS 2), pyrrhotite
(Fei.xS, 0<x<0.125), chalcopyrite (CuFeSi), sphalerite (ZnS), galena (PbS), arsenopyrite
(FeAsS), tetrahedrite (Cui2Sb4Si 3), and pentlandite ((Fe, Ni)9Sg) (Shang et al. 2006).
When in contact with water and air, the oxidation reactions of pyrite and other minerals
occur, which lead to releases of acidic effluent and heavy metals into water, generating
significant effect on the environment.

Technologies to control the generation of acid mine drainage include preventing the water
infiltration and oxygen ingress, and adding neutralization agents (i.e. lime, limestone) into
tailings. The coal fly ash is a by-product from coal combustion and has been added to
mine tailings as a neutralization agent to either prevent or mitigate the AMD (Bulusu et
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al. 2006, Gitari et al. 2008, Polat et al. 2002, Shang et al. 2006, Spear 1998, Wang et al.
2006). The coal fly ash from the Atikokan Generating Station operated by the Ontario
Power Generation (OPG) has been evaluated for the control of AMD from the
Musselwhite Mine in lab studies (Yeheyis 2008, Yeheyis et al. 2008, Yeheyis et al. 2009,
Wang 2009, and Wang et al. 2006).

The Musselwhite Mine is situated in Northwestern Ontario, Canada, who has a total area
of 17,548 hectares. 1.3 million tons of mine tailings have been generated annually, and
they are treated by the addition of lime, and then deposited into the tailings pond on site.
On the other hand, the coal fly ash is generated from the Atikokan Generating Station,
which is located 400 km south of the Musselwhite Mine. Since the coal fly ash has been
transported to the Musselwhite Mine site for other applications, the remediation of acid
mine drainage by using the coal fly ash from Atikokan can be economical and efficient.

The performance of Atikokan coal fly ash in controlling the acid mine drainage generated
from the Musselwhite Mine has been studied in the lab by using the kinetic column tests
(Yeheyis 2008, Yeheyis et al. 2009, and Wang 2009), as well as in a pilot study at the
Musselwhite Mine site (Wang et al. 2009). This thesis focuses on the evaluation of the
water content and temperature results from the pilot test in a natural setting. The results
are further analyzed in the lab studies, including using a thermal probe to measure the
thermal properties; as well as using the filter paper method to determine the soil-water
characteristic curves of mine tailings and the mixtures of mine tailings and coal fly ash.
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1.2 Research Objectives
The objectives of this study are to evaluate the long-term water content and temperature
data from the pilot test, and to analyze the thermal properties and soil-water characteristic
curves of mixtures of the coal fly ash and mine tailings based on the field data as well as
in lab studies. The main purposes of the research are:
I.

To present and analyze in-situ data, including the temperature and water content,
as measured in the four tanks at the Musselwhite Mine site;

II.

To study thermal properties of mine tailings, coal fly ash and their mixtures in a
lab experimental program, and to analyze the effect of thermal properties on the
application of coal fly ash in reactive mine tailings in the pilot test;

III.

To develop the soil-water characteristic curves of mine tailings, coal fly ash and
their mixtures by using the filter paper method to evaluate the suction of the
materials, and to correlate with the in-situ data (degree of saturation).

1.3 Thesis Outline and Scope
This thesis includes six chapters:

Chapter 1 introduces the main focuses of the thesis and objectives of the research.

Chapter 2 presents a comprehensive literature review of characteristics of coal fly ash,
and mine tailings, chemical reactions, the function of fly ash on neutralizing AMD and
the pilot study on the Musselwhite Mine site. The thermal and unsaturated properties are
reviewed in this chapter as well.
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Chapter 3 presents the 3-year data from the field test, and an in-depth analysis of the data,
including the gravimetric water content, degree of saturation and temperature. The study
is designed to develop a further understanding of the application of fly ash in mine
tailings management in the long term.

Chapter 4 presents a study of thermal properties of coal fly ash, mine tailings and their
mixtures, including the analysis of lab testing results and the application of coal fly ash in
reactive mine tailings in a natural setting.

Chapter 5 presents the evaluation of soil-water characteristic curves of coal fly ash, mine
tailing and their mixtures.

Chapter 6 summarizes the results of this study and makes recommendations for future
research.

1.4 Originality of the Thesis and Major Contributions
The work described in this study involved laboratory experiments and theoretical analysis.
Based on the results, this study presents the following important contributions to
knowledge:
1 . The thesis presents the in-depth analysis of water content and temperature data from

the pilot test at the Musselwhite Mine site.
2. The thesis makes contributions in studying the thermal resistivities, volumetric heat

capacities, and the soil-water characteristic curves of the mine tailings and the
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mixtures of mine tailings and coal fly ash from the lab experiments to understand the
application of coal fly ash in reactive mine tailings in the field.
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CHAPTER 2
LITERATURE REVIEW
This thesis focuses on the study of the application of coal fly ash in reactive mine tailings,
and the evaluation of the thermal and unsaturated properties of the mixtures. A
comprehensive literature review is carried out on the reactivity, properties, and
interactions of mine tailings and coal fly ash for engineering applications. Furthermore,
the unsaturated and thermal properties of geomaterials are reviewed to better understand
the behaviour of mine tailings and coal fly ash mixtures.

2.1 Mine Tailings

2.1.1 Reactivity of Mine Tailings
In a mining process, massive quantities of waste rock and tailings are produced, after the
target minerals are extracted. Sulphide minerals present in many rocks, predominately
pyrite and marcasite (FeS2). In addition, metals may react with sulphides to form
chalcopyrite (CuFeS 2), covellite (CuS), galena (PbS), and sphalerite (ZnS). Tailings are
typically disposed to a disposal pond. Once the tailings are exposed to the environment
and in contact with the atmosphere and water, the oxidation reactions in the tailings
begin, causing the acidic effluent, known as the acid mine drainage (AMD) (Skousen et
al. 2000 and Yeheyis 2008).

It has been shown that the reactivity of mine tailings and the control of the generation of
AMD are significantly dependent on factors, including the concentration of sulphide
minerals in tailings; the alkalinity of infiltrating water; the frequency and abundance of
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flushing; the availability of oxygen; the initial access of bacteria, bacterial metabolism,
and the capacity of neutralization by minerals such as carbonates (Ritcey 2005). The
chemical reaction taken place in the mine tailings is dominated by pyrite (FeS2), the most
common sulphide mineral in many metallic mine deposits. In the initial stage of AMD
generation, pyrite is oxidized to produce ferrous iron (Fe2+) and hydrogen iron (H+):
FeS 2 + 7/2 0 2 + H20 -► 2 S 0 4 2' + Fe 2+ + 2H+

[2.1]

The ferrous iron further reacts with oxygen to generate ferric iron:
2Fe 2+ + l/2 0 2 + 2H+ -> 2 Fe3+ + H20

[2.2]

During the process of reaction [2.2], ferrous irons are continually generated from reaction
[2.1] in the acidic condition, because of the production of H+ in reaction [2.1], i.e. pH < 4
(Nordstorm and Munoz 1994). As a result of reaction [2.2], ferric hydroxide (Fe(OH)3) is
formed by the reaction between ferric iron and water:
Fe3+ + 3H20 -+ Fe(OH )3 + 3H+

[2.3]

While pH in the effluent is reduced, the remaining ferric iron from reaction [2.3] will
react with the additional pyrite without oxygen:
FeS 2 + 14 Fe3+ +8 H20 -* 15 Fe2+ + 2 S 0 4 2‘ + 16 H+

[2.4]

Reaction [2.4] is the last stage of AMD generation, in which sixteen moles of hydrogen
irons are produced, generating acidic drainage. This process is a never-ending cycle from
reaction [2.1] to reaction [2.4], until all pyrite in tailings is consumed, which can take
centuries.

In addition to the general chemical reactions involved with pyrite, covellite (CuS), galena
(PbS), and sphalerite (ZnS) can be oxidized in a similar loop as pyrite, releasing sulphuric
acid and dissolved heavy metals into water (Yeheyis 2008). The acidity of minerals and
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hydrogen ions from the oxidation reactions of sulphide metals are formed as the
components of the acidity in AMD (Skousen et al. 2000). Hence, such drainage has
significant environmental impact to streams and lakes (Ritcey 2005).

2.1.2 Engineering Properties of Mine Tailings
Better understanding of engineering properties of mine tailings will guide the
development and/or improvement for mine tailings disposal as well as for AMD
prevention and control.

The engineering applications of mine tailings and the studies of mine tailings produced
from various host rocks in terms of the grain size distribution, compressibility, hydraulic
conductivity, compaction, soil-water characteristic curve, shear strength and shrinkage
have been reported in the literatures (Blight and Steffen 1979, Pettibone et al. 1971, Qiu
and Sego 1998, Qiu and Sego 2001, Stone et al. 1994, Volpe 1979, and William and
M onies 1990). The engineering properties of copper mine tailings from Kennecott
Mining, gold mine tailings from Echo Bay’s Lupin Mines, coal wash plant tailings from
the Coal Vally Mine of Luscar Stereo Ltd., and oil sand composite - consolidated tailings
from Syncrude Canada Ltd. were analyzed by Qiu and Sego (2001) in the lab. The gold
mine tailings reported in the literature are identified as ML by USCS classification, and
they have relatively high specific gravity (Gs =3.17) and are non-plastic. Aubertin et al.
(1996) have measured the saturated hydraulic conductivity of four tailings from hard rock
mines, which is within the range from 10‘4 to 10'5 cm/s. The soil-water characteristic
curves of the tailings are also evaluated by carrying out lab tests using pressure-plate
extractors and glass desiccators with saturated salt solutions.
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2.2 Coal Fly Ash
Coal fly ash is a by-product from coal combustion in power plants. It is a waste after
burning, whereas it may be used in specific engineering applications, such as additives in
cement concrete, and structural fill for highway embankment stabilization, reclamation
for mines, etc. Coal fly ash is classified as a pozzolan, which is a siliceous or combination
of siliceous and aluminous material that will generate cementation when in contact with
water (Marinkovic et al. 2005).

The composition of coal fly ash mainly includes silicon dioxide (SiC>2), aluminum oxide
(AI2O 3), calcium oxide (CaO), and iron oxide (Fe203). It also contains trace elements that
are classified as environmental contaminant, such as boron, chromium, vanadium, zinc
and so on. The percentage of CaO is the key to identify the class of fly ash under ASTM
C618-08a, which defines that Class C fly ash has CaO content of higher than 10%.
Another two classes of fly ash, Class N and Class F, have relative small percentage of
CaO and less cementitious ability, compared to Class C. In this study, Class C fly ash
from the Atikokan Power Plant is used.

2.2.1 Reactivity of Coal Fly Ash
With presence of water, coal fly ash will undergo the hydration process, producing
amorphous cementitious materials and secondary materials (Brouwers and Eijk 2003, Ma
and Brown 1997, Marinkovic et al. 2005, Ubbriaco et al, Wang 2009, and Yeheyis 2008).
The general reactions can be summarized in the following equations (Wang 2009):
CaO + H20
Ca(OH )2

Ca(OH )2

[2.5]

Ca2+ + 2[OH]‘

[2.6]
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xCa(OH)2 + yS i02 + (z - x)H20 -+ (C a0)x(S i02)y(H20 ) z

[2.7]

xCa(OH)2 + yAl20 3 + (z - x)H20

[2.8]

(C a0)x(Al20 3)y(H20 ) z

xCa(OH)2 + yS i02 + z A120 3 + (w - x)H20

(Ca0)x(S i02)y(Al20 3)z(H20 ) w [2.9]

6Ca2+ + 2A13+ + 3S 042' + 38H20 -»• Ca6Al2(S 04)3(0H )i2 *26H20 + 12H+

[2.10]

Equations [2.7], [2.8] and [2.9] are known as pozzolanic reactions to form calcium
silicate hydrates

(C a0)x(S i0 2)y(H20 ) z (C-S-H

(C a0)x(Al20 3)y(H20 ) z (C-A-H

gel)

and

gel), calcium

calcium

aluminate

aluminate

hydrates

silicate

hydrates

(CaO)x(S i0 2)y(Al20 3)z(H20 ) w. The ettringite, Ca6Al2(SC>4)3(OH)i2 *26H20 , which is
considered to be one of the secondary materials of the reaction, is formed in equation
[2 . 10],

The factors affecting the reactivity of coal fly ash have been summarized by Wang (2009),
including the amount of calcium oxide in coal fly ash, particle size of coal fly ash,
reaction conditions, and the addition of chemical activators, i.e. Na2S 0 4 and CaCl2. The
coal fly ash from Atikokan Thermal Power Generation used in the pilot test and in this
thesis has sufficient content of calcium oxide as high as 15.66%. In the pilot test, there are
no chemical activators added in the tanks. Thus, the reaction conditions, including the
environmental temperature and rainfall will be the dominant effect on reactions of coal
fly ash and mine tailings. Meldrum et al. (2001) evaluate the oxidation of mine tailings
from Rankin Inlet, Nunavut at subzero temperature, and report that the oxidation was
dramatically reduced but still detected at -2 0 C, whereas no oxidation occurred at - 10 ° C.
On the other hand, low temperature may also slow pozzolanic reactions in fly ash.
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2.2.2 Application of Fly Ash in the Control of Acid Mine Drainage
The application of coal fly ash has been evaluated in the mine tailings management, and
the results from lab tests have shown its ability to control AMD and reduce dissolved
heavy metals (Dermatas and Meng 2003, Gitari et al. 2008, Misra et al. 1996, Polat et al.
2002, Wang 2009, Wang et al. 2006, Xenidis et al. 2002, Yeheyis 2008, Yeheyis et al.
2009). Kinetic column tests used in the lab have shown that the addition of fly ash in
mine tailings has led to (Gitari et al. 2008, Misra et al. 1996, Wang 2009, Wang et al.
2006, Xenidis et al. 2002, Yeheyis 2008, and Yeheyis et al. 2009):
1) The increase in pH of the leachate;
2) The decrease in the hydraulic conductivity; and
3) The reduction of the dissolved element concentrations in the leachate.

The increase in pH of the fly ash - mine tailings mixtures is due to the neutralization
potential of coal fly ash with its alkalinity properties. As reviewed in the previous section,
the fly ash with the high calcium content will produce Ca(OH )2 (Equation [2.5]). The
calcium hydroxide is further broken into calcium (Ca2+) and hydroxyls (OH') in equation
[2.6] in the solution. The hydroxyls will react with the protons (H+) produced from the
oxidation in mine tailings described in Equation [2.1] to Equation [2.4] (Misra et al. 1996
and Wang 2009). The net result is the neutralization of AMD.

In addition, the pozzolanic and cementitious properties of coal fly ash reduce the
hydraulic conductivity of mine tailings, attributed to two main factors, i.e. the formations
of the C-S-H gel and ettringite. The C-S-H gel (Eq. [2.7]) attaches to tailings particles,
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water and trace elements, and fills pores of mine tailings. Also, the swelling feature of
ettringite has been indicated in previous researches. As a result, the void ratio of tailings
is reduced. Additionally, ettringite is stable in a wide range of pH (Hampson and Bailey
1982 and Myneni et al. 1998). Moreover, since C-S-H gel and ettringite have high
specific surface areas, the high capacity of water retention can be developed in the
mixtures. Therefore, the infiltration of water in tailings can be reduced. (Wang 2009,
Wang et al. 2006, and Xenidis et al. 2002).

The high specific surface area of C-S-H gel and ettringite can also stabilize dissolved
elements, including heavy metals (Dermatas and Meng 2003, Gitari et al. 2008, and
Wang 2009). Wang (2009) demonstrates the elements stabilization for the interaction of
fly ash and mine tailings by developing an adsorption model, based on electrical double
layer model for coal fly ash, and results of kinetic column leaching tests. The
performance of fly ash in the immobilization of Pb, Cr 3+, and Cr 6+ in clays and
quicklime is examined, and a reduction of Cr (VI) is observed from the experiments by
Dermatas and Meng (2003). The literature also suggests the mechanisms of Cr (VI)
control, which includes the adsorption and possible substitution of sulphate on ettringite
by chromate to form Cr-substituted ettringite (Dermatas and Meng 2003).

A field trial was carried out recently (Wang et al. 2009) to study the application of coal
fly ash in controlling AMD under a natural setting. A testing site (Figures 2.1 and 2.2)
was set up beside the tailings pond at the Musselwhite Mine site located in Northwestern
Ontario, about 500 km north of Thunder Bay. Four tanks, labelled as A, B, C and D were
filled with mine tailings from Musselwhite Mine, layers of coal fly ash and mine tailings
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(stratified approach), mixtures of fly ash and mine tailings in the mass ratios of 10:90 and
15:85, respectively. The detailed design is presented by Wang (2009). The volumetric
moisture content and temperature in each tank at various depths and climatic conditions
were recorded in real time by data loggers. Solid and water samples were taken on regular
basis for analysis, along with visual observation. The results of water content and
temperature in the pilot test are analyzed in detail in this thesis.

Figure 2.1 The selected location of the testing site (Wang 2009)

Figure 2.2 Four tanks in the testing site (Wang 2009)
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2.3 Thermal Properties
Thermal properties of materials include the thermal conductivity (thermal resistivity),
thermal diffusivity, specific heat capacity and volumetric heat capacity. The thermal
conductivity is defined as the ability of materials to conduct heat, and its reciprocal term
is the thermal resistivity. The heat capacity is a parameter that characterizes how much
heat is required for a unit temperature change of a substance. The volumetric heat
capacity is defined to describe the ability of a given volume of a material to store internal
energy under a given temperature change (Kluitenberg et al. 1993). The thermal
properties control both the storage and flow of heat in geomaterials. Factors influencing
the thermal properties have been identified, such as the water content, bulk density, grain
size distribution and mineralogy (Abu-Hamdeh 2003, Abu-Hamdeh and Reeder 2000,
Krishnaiah and Singh 2003, Ochsner et al. 2001, Rao et al. 1998, Rao and Singh 1999,
Salomone and Kovacs 1984, Salomone et al. 1984, and Wierenga et al. 1969).

While increasing the water content of soils, the voids originally occupied by air are taken
over by water, or a thin film of water is formed around soil particles, which bridges the
gaps between the particles (Salomone et al. 1984). These two mechanisms result in the
increase of the path of heat flow in soils. Since the thermal conductivity of air is much
lower than that of water, the thermal conductivity of soils increases with increasing soil
water contents (the thermal resistivity decreases). Salomone et al. (1984) summarize the
relationship between thermal resistivity and the moisture content for granular and fine
grained soils from previous researches, indicating that the initial thermal resistivity has a
significant drop under a small increase of the moisture content. But the decrease is slowed
down, and the thermal resistivity approaches constant near the optimum moisture content
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at which a soil mass is compacted to its maximum dry unit weight. The term of critical
moisture content is introduced by Radhakrishna et al. (1980). Rao et al. (1998) evaluate
the thermal properties of a class F coal fly ash under the same density, and show that the
thermal resistivity of coal fly ash is similar to that of soils indicated in Salomone and
Kovacs (1984). The thermal resistivity of fly ash reaches the minimum value when the
water content is close to the optimum, approximately 32%, from the standard proctor
compaction test, and it remains constant at higher water contents (Rao et al. 1998).
Besides the thermal resistivity, increasing water content leads to increases in both specific
and volumetric heat capacities of soils. Adu-Hamdeh (2003) shows the volumetric heat
capacities of clayey and sandy soils increase linearly with the moisture content at a given
bulk density.

The density of soils also plays an important role in their thermal properties. Under the
same water content, soils with higher density have higher heat conductivity (Krishnaiah
and Singh 2003, Rao et al. 1998, Rao and Singh 1999, Salomone and Kovacs 1984, and
Salomone et al. 1984). This is due to the reduction of porosity in soils.

The soils texture also affects the thermal properties. In general, gravels and sands have
the highest thermal conductivity, followed by loams, and clays (Al Nakshabandi and
Kohnke 1964, Abu-Hamdeh 2003, Rao and Singh 1999, and Salomore and Kovacs 1984).
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2.4 Soil-Water Characteristic Curve
The unsaturated soils properties were established in geotechnical engineering thirty years
ago (Fredlund and Rahardjo 1993a). The concept has been adopted in a wide range of
engineering applications.

The theory of soil suction, which is originated from soil science, is introduced into the
engineering practice to evaluate the effect of moisture on the behaviour of soils. Croney
et al. (1958), Bishop (1959), Aitchison (1960), and Jennings (1960) have evaluated soil
suction relative to the effective stress, volume change and shear strength (Krahn and
Fredlund 1971). The term of soil suction has been defined as the free energy state of soil
water, which is measured as the partial vapor pressure of the soil water (Edlefsen and
Anderson 1943). The total suction and its two components, matric suction and osmotic
suction, were identified in Aitchison (1965) for soil suction:
“Matric or capillary component of free energy - In suction terms, it is the equivalent
suction derived from the measurement of the partial pressure of the water vapor in
equilibrium with the soil water, relative to the partial pressure of the water vapor in
equilibrium with a solution identical in composition with the soil water.
Osmotic (or solute) component of the free energy - In suction terms, it is the
equivalent suction derived from the measurement of the partial pressure of the water
vapor in equilibrium with a solution identical in composition with the soil water,
relative to the partial pressure of water vapor in equilibrium with free pure water.
Total suction or free energy of the soil water - In suction terms, it is the equivalent
suction derived from the measurement of the partial pressure of the water vapor in
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equilibrium with a solution identical in composition with the soil water, relative to
the partial pressure of water vapor in equilibrium with free pure water.”
The matric suction and osmotic suction can be described from the definitions above as:
T = (pa - pw) + n

Eq. [2.12]

Where
T = total suction
(pa - (J-w) = matric suction
pa = pore-air pressure
pw= pore-water pressure
7i = osmotic suction

The concept of matric suction is related to the capillary phenomenon from the surface
tension of water, which is caused by molecular and physico-chemical forces on soil solids
at the air-water interface, namely the contractile skin (Fredlund and Rahardjo 1993a). Due
to such attractive force among soil particles, water can be trapped in the voids. From
Fredlund and Rahardjo (1993a), the factors that affect the attractive force in the soils are
the size and distribution of pores in soils. Higher magnitude of the intermolecular forces
is corresponding to smaller voids. In addition, better water retention is found in soils with
uniform pores. In this thesis, the principles of unsaturated properties will be applied on
unsaturated mine tailings and mixtures of coal fly ash and mine tailings.

A key feature in unsaturated soil mechanics is the soil-water characteristic curve (SWCC)
and a sample SWCC is presented in Figure 2.3. The SWCC is developed according to the
relationship between water content and suction (Williams 1982). The term water content
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in SWCC represents the amount of water held in soil voids, and the volumetric water
content (0) is often used. Since the gravimetric water content (w) is most commonly used
in geotechnical engineering, and the gravimetric water contents from the pilot test are
reported by Wang et al. (2009) and analyzed in Chapter 3 of this thesis, the SWCC in this
thesis will represent the relationship between suction and gravimetric water content. The
SWCC, which covers the entire suction range from 0 kPa to 1,000,000 kPa is graphed in a
logarithmic scale (Fredlund and Rahardjo 1993a), as shown in Figure 2.3.

0.1

1

10

100

1000

10 000 100 000 1 000 000

Soil suction (kPa)

Figure 2.3 Hysteresis loops comprising the SWCC for a soil (Fredlund 2000)

The SWCC has been used to estimate the permeability function and understand the shear
strength properties of an unsaturated soil (Marshall 1958, Mualem 1986, Fredlund and
Rahardjo 1993b, and Fredlund et al. 1994). A mathematical equation is developed to
describe the soil-water characteristic curve as follows (Fredlund and Xing 1994):
6 =

9s
in [e + (f)V

Eq.[2.13]
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Where:
0 = volumetric water content
0S= volumetric water content at saturation
\|/ = matric suction (in kPa)
a = parameter approximating the air entry of the soil
n = parameter related to the rate of desaturation
m = parameter related to residual water content

Eq. [2.13] shows the relationship between the volumetric water content (0) and matric
suction (xp). One may also use the degree of saturation for curve fitting based on
Eq.[2,13], because the degree of saturation has the same range from 0 to 1 as the
volumetric water content (Fredlund and Xing 1994). The best-fitted equation for the
relationship between gravimetric water content and suction is as follows (Fredlund et al.
2011 ):

w(ip) =

Ws

Eq.[2.14]

in[e+ g ) V

w (ip) = gravimetric water content at certain soil suction
ws = saturated gravimetric water content

The idea of unsaturated soils properties and the soil-water characteristic curve has been
evaluated on different geomaterials, including mine tailings (Swanson et al. 1999). The
SWCC of stabilized expansive soils, which are prepared using fine fly ash materials
(Class F coal fly ash and bottom ash to mix with the clayey soils) is studied by Puppala et
al. (2006). Attributed to the cementing effect from the fly ash, the voids in soils are
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reduced and fine clay particles are bonded, causing the reduced slope of the SWCC,
which means that the rate of desaturation is decreased (Puppala et al. 2006).

The hysteretic nature related to the drying and wetting process in soils is also observed
(Fredlund et al. 2011). As shown in Figure 2.3, the hysteresis loops for a soil represent the
drying and wetting curves, which can be considered as the maximum and minimum
boundaries for the suction related to the water content. To provide an estimated range of
in-situ suction for a soil, Fredlund et al. (2011) propose the “percent lateral shift” for the
SWCC boundary curves, q, which is defined as follows:
£ = 100[log(i/;d) - log(iPw)]

Eq.[2.15]

^ = percent lateral shift
4>d = the suction at any point along the drying SWCC
xp w = the suction at any corresponding water content on the wetting SWCC

Eq. [2.15] could be rearranged for the purpose to compute the wetting curve from the
drying curve:
xpw = 10a°a

" looi

Eq. [2.16]

The approximate values of the lateral shift between the drying and wetting SWCCs are
also suggested by Pham (2002) for sand, silt, loam and clay. The average shifts are
estimated as 25%, 50%, and up to 100% for sand, silt and loam, and clay, respectively
(Fredlund et al. 2011). By introducing the percent lateral shift to obtain the wetting
SWCC of a soil from the drying curve, the maximum and minimum in-situ soil suction
can be estimated for engineering practice. In this study, the drying curves of SWCCs of
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mine tailings, coal fly ash and two mixtures with coal fly ash and mine tailings mass
ratios 10:90 and 15:85 are created by the lab tests, and then, the wetting curves and the insitu suction curves are estimated by the “percent lateral shift” procedure.

2.5 Summary
The literature review includes the chemical reactivity of mine tailings and coal fly ash,
the kinetic column tests of the coal fly ash-treated mine tailings, and the thermal and the
unsaturated properties of geomaterials. The scientific principles, fundamental concepts
and results of previous researches will guide the study presented in this thesis to develop
a better understanding for the application of coal fly ash in reactive mine tailings.
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CHAPTER 3
EVALUATION OF LONG-TERM DATA FROM PILOT TEST

3.1 Introduction
The pilot study for co-placement of coal fly ash from the Atikokan Power Plant (AFA)
and mine tailings from the Musselwhite Mine (MT) in controlling the acid mine drainage
was initiated in 2004 on the Musselwhite Mine near Thunder Bay, Canada. The study
included the conceptual design, detailed design, field test construction, and data collection
observation for the first two years of operation (Wang et al. 2009).

The pilot test exposed to the atmosphere was implemented in four testing tanks, Tank A,
Tank B, Tank C and Tank D, which were placed near the tailings pond at the Musselwhite
Mine site. MT, layers of AFA and MT in the mass ratio of 10:90, and two mixtures of
AFA and MT with the mass ratios of 10:90 and 15:85 were placed into Tank A, Tank B,
Tank C and Tank D, respectively, with initial settings summarized in Table 3.1.
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Table 3.1 Initial setting of the materials in four tanks (Wang 2009)

Material
Mass ratio of
AFA:MT
Co-placement
design
Water Content
AFA
MT
AFA-MT
mixture

Tank A
MT

Tank B
AFA-MT

Tank C
AFA-MT

Tank D
AFA-MT

0:100

10:90

10:90

15:85

stratified

mixing

mixing

13.20%

12.90%

10.30%

9.30%
12.20%

Dry unit weight,
Yd (kN/m3)
Depth 0.0 m
Depth 0.9 m
Depth 1.8 m
Depth 2.7 m

13.48
14.88
16.12
17.68

10.96
14.81
11.32
14.67

14.39
14.95
15.22
15.6

14.17
14.31
14.59
14.73

Depth 0.0 m
Depth 0.9 m
Depth 1.8 m
Depth 2.7 m

1.46
1.26
1.07
0.88

1.25
1.25
1.25
1.25

1.20
1.16
1.12
1.08

1.24
1.22
1.19
1.16

Depth 0.0 m
Depth 0.9 m
Depth 1.8 m
Depth 2.7 m

3.37
3.44
3.41
3.39

2.51
3.40
2.60
3.37

3.23
3.30
3.29
3.31

3.24
3.23
3.26
3.25

1.58%

1.22%

1.53%

1.15%

Void ratio, e

Specific gravity,
Gs

Sulphur content,
S% (wt/wt)
Depth
Depth
Depth
Depth

0.0 m
0.9 m
1.8 m
2.7 m

1.75%
1.78%

0.53%
1.69%
0.51%
1.69%
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The detailed design, including a filter sand layer at the bottom of each tank used to
simulate the drainage condition is shown in Figure 3.1 (Wang 2009). The moisture
probes, EC-20-ECH2O, were installed at depths 0.9 m, 1.8 m and 2.7 m in all tanks to
monitor the volumetric water content. In Tank B, the moisture content probe at depth 1.8
m was damaged at day 310, and a new one was installed at depth 1.9 m. The temperature
in the tanks was monitored by temperature sensors (ECT, ECH20). An EC5 data logger
was placed at the top of each tank to collect data from the sensors. Each tank was
equipped with a piezometer to measure the water level and the hydraulic conductivities
by slug test. A PVC standpipe was installed to collect leachate samples for chemicals
analyses in the lab (Figure 3.2). Solid samples were taken using an Eijkelkamp Auger Set
from depths of 1.0 m and 3.0 m in Tank A, C, and D, and from depths of 0.1 m, 1 m, 1.7
m and 3.0 m in Tank B to analyze the concentrations of major oxides and trace elements.
Unit m
Tank A

AFAtMT* 0:100

Tank B
AFA:Mr* 10:90

TankC

TankD
AFA;MT * 15:85
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Figure 3.2 Monitoring equipment in the tanks (Wang 2009)

Data collected during the first two years of the pilot test have been reported by Wang
(2009), including the rainfall, temperature, water content, surface inspection, the analysis
of solid samples for major oxides and trace elements, chemical analysis of water samples,
and the hydraulic conductivity. From the 2-year results, the concentrations of iron and
sulphur were lower in the mixtures (Tank C and D), when comparing the data on the
same sampling date (Tables 3.2a and 3.2b). In addition, the average electric conductivity
in water samples at the first 12 months in both stratified and mixing approaches (Tank B,
C and D) was lower than in mine tailings (Tank A) (Table 3.2c).
Table 3.2a Concentration of iron in four tanks (Wang 2009)
06/15/07
37,814.7

10/30/07
48,884.5

06/24/08
78,957.1

Tank B

37,599.0

51,598.1

76.321.2

37,292.7

49,071.8

75,753.3

36,049.4

47,015.8

72,113.2

Tank C
T ankD

C oncentration
of Iron(ppm )

Sampling Date
Tank A
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Table 3.2b Concentration of sulphur in four tanks (Wang 2009)
06/15/07
12,273.5

10/30/07
12,793.0

06/24/08
15,153.6

Tank B

13,028.6

13,551.3

14,284.2

12,185.1

12,756.2

13,406.5

12,067.3

11,022.7

11,793.0

Tank C
Tank D

C oncentration
of Sulphur
(ppm)

Sampling Date
Tank A

Table 3.2c Average electric conductivity in four tanks (Wang 2009)

Tank A
Tank B
Tank C
Tank D

EC (mS/cm)
1.50
0.12
0.10
0.12

The pilot test was continued after 2008, and more data were collected from the field, until
the testing site was submerged by mine tailings in the winter of 2009. This thesis will
analyze all available water content and temperature data in each tank to study the
application of coal fly ash in mine tailings under a natural setting. The volumetric water
content from the pilot test was converted to the gravimetric water content, based on the
calibration results of the sensors (Wang 2009). The air temperature data of the testing site
and the temperature at depths 0.9 m and 2.7 m in each tank are shown in Figures 3.3, 3.4a
and 3.4b. The history of rainfall during the pilot test is presented in Figure 3.5. The
gravimetric water contents are presented for each tank in Figures 3.6a to 3.6d and are
compared at depths 0.9 m, 1.8 m and 2.7 m in Figures 3.7a to 3.7c. The degree of
saturation at depths 0.9 m, 1.8 m and 2.7 m of each tank is shown in Figures 3.8a to 3.8d.
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3.2 Temperature
The air temperature over the testing period at the site is shown in Figure 3.3, and the
temperatures in four tanks at depth 0.9 m and depth 2.7 m are presented in Figures 3.4a
and 3.4b. Based on Figure 3.4a, the temperatures in all tanks had no significant variation
and followed the air temperature trend during the entire pilot test. Small differences of
temperature at depth 0.9 m between Tank C and Tank D are noticed after day 600, which
indicates that Tank C had faster response to the temperature changes than Tank D. The
most significant variation of temperatures in four tanks is observed at depth 2.7 m in
Figure 3.4b. After day 500, the temperature at depth 2.7 m in Tank A decreased to - 16°
C. Then, it slowly increased to 2.5° C, but followed by another decrease and maintained
below 0 ° C to the end of the test. Tank B had the highest temperature among all the tanks.
Tank C had lower temperature than Tank D starting from day 320 to the end of the test.
Additionally, from Figure 3.4b, the temperatures in Tank B, Tank C and Tank D became
comparable after day 500.

Figure 3.3 Air temperature of the ground surface of the testing site
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Figure 3.4a Temperature in four tanks at depth 0.9 m
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The addition of AFA is considered to be the main factor causing the different trends of
temperature in all tanks. To carry out the in-depth study for the addition of AFA on the
temperature change, the thermal properties of MT and the mixtures of AFA and MT are
measured using a thermal probe and analyzed in Chapter 4.

3.3 Evaluation of Water Content and Degree of Saturation

3.3.1

Gravimetric Water Contents in Tanks

Figures 3.6a to 3.6d show the 3-year trends of gravimetric water content in four tanks
from 2006 to 2009. In general, the trend of gravimetric water content followed the rainfall
history (Figure 3.5), i.e. the gravimetric water content increased with rainfall, and
decreased with reduced rainfall. In addition, the response of water contents to rainfall
occurred more quickly at the shallow depth than at the deeper depth, as observed in all
tanks.
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The gravimetric water contents in Tank A with mine tailings from the mineral processing
on the Musselwhite Mine is presented in Figure 3.6a. It can be noticed that the high
fluctuation of water content happened at depth 1.8 m, but the low water content change is
observed at depth 2.7 m. The decrease in the water content fluctuation in Tank A might
be due to the settlement caused by the self-weight of MT (Table 3.3), which led to the
increase in density and decrease in the water content.
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Figure 3.6a Gravimetric water content profile of Tank A

Table 3.3 Settlements of four tanks (Wang 2009)
Date
08/01/2006
06/15/2007
08/21/2007
10/30/2007
06/25/2008
10/28/2008
11/13/2009

Unit
(m)
(m)
(m)
(m)
(m)
(m)
(m)

Tank A
0.000
0.017
0.023
0.025
0.037
0.042
0.052

TankB
0.000
0.014
0.022
0.026
0.035
0.036
0.054

Tank C
0.000
0.002
0.003
0.004
0.009
0.011
0.016

Tank D
0.000
0.002
0.002
0.005
0.009
0.011
0.017

A unique behaviour of water contents among four tanks is noticed in Tank B (Figure
3.6b). The test in Tank B was designed to examine the performance of AFA in MT under
stratified approach, i.e. one 0.2-meter thickness of AFA layer was placed at the top of the
tank, followed by a 1.45 m thick MT layer, a 0.2 m thick layer of AFA, and a 1.45-m MT
layer at the bottom of the tank, as shown in Figure 3.1. As mentioned previously, the
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moisture content probe at depth 1.8 m in Tank B was damaged, and a new one was re
installed at depth 1.9 m in the bottom MT layer at day 310. Since the water content data
collected by the new probe at depth 1.9 m was from the same layer as the probe at depth
2.7 m, the water content data at depth 1.9 m are neglected in the analysis. In Figure 3.6b,
the significant fluctuation of water content at depth 2.7 m is observed after day 300.
During the low rainfall seasons after 300 days, the water content at this depth decreased
to approximately 0%. The cementious AFA layers in Tank B are considered to be one of
the reasons. With water infiltrated into the tank, the pozzolanic reaction occurred within
two AFA layers reduced the hydraulic conductivity.

Figure 3.6b Gravimetric water content profile of Tank B
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The water contents in the AFA-MT mixtures in Tank C with 10:90 mass ratio and Tank D
with 15:85 are presented in Figure 3.6c and Figure 3.6d, respectively. The less variation
of water content is observed at both depths 1.8 m and 2.7 m in these two tanks, compared
to the data at depth 0.9 m. This indicates that the deeper zone might have better water
retention than the surface zone.

Figure 3.6c Gravimetric water content profile of Tank C
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Figure 3.6d Gravimetric water content profile of Tank D

3.3.2 Gravimetric Water Contents at Depth
The further evaluation and comparison of trends of water contents from each tank are
presented in Figures 3.7a, 3.7b, and 3.7c for depths 0.9, 1.8 and 2.7 m, respectively.

Figure 3.7a shows the water content behaviour in four tanks at depth 0.9 m. It can be
noticed that the variation of water content in the tanks is similar, since the data was
collected from a shallow depth, i.e. 0.9 m was dependent on rainfall. However, a late
response to the increase and decrease of rainfall is observed from day 300 to day 700 in
Tank B, compared with other tanks. This is due to hydration of AFA occurred in the top
AFA layer, which generated cementing agents such as CSH gel, CAH gel and secondary
materials. When these products fdled into voids, the AFA layer was hardened, resulting in
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the reduced hydraulic conductivity. Moreover, the calcium (Ca2+) and hydroxyls (OH‘)
may be carried down to the underlying MT layer by infiltrating water, leading to further
reduction of the hydraulic conductivity, based on the lab result from Wang (2009).

Figure 3.7a Gravimetric water content in four tanks at depth 0.9 m

The changing water contents at depth 1.8 m in four tanks are presented in Figure 3.7b,
note the profile of water content in Tank B at depth 1.8 m is neglected due to the
damaged probe. The less fluctuation of water content in Tank C and Tank D is noticed in
Figure 3.7b after day 300, compared to that in Tank A. The different trend of water
content before and after day 300 in Tank A is attributed to the settlement, as shown in
Table 3.3. In addition, the duration of high water content maintained in Tank C and Tank
D was longer than in Tank A. It can be also noticed that Tank C had higher water content
than Tank D.
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Figure 3.7b Gravimetric water content in four tanks at depth 1.8 m

Figure 3.7c shows the water content changes at depth 2.7 m in all tanks. The big
distinction in four tanks is shown after day 300. Generally, the profile of water contents at
depth 2.7 m in Tank A is unchanged within the three years of testing. After day 300, the
water contents in Tank B were the lowest in four tanks, Tank C had the similar trend of
water content changes to Tank A. It is also noticed that Tank D had the highest maximum
water contents within the last two years of testing. In addition, the water contents in Tank
C had the smallest fluctuation, whereas the largest fluctuation was observed in Tank B.
The differences in the water contents in Tank B, C and D are due to the methods of fly
ash placement and the fly ash-tailings ratios of the mixtures. The stratified approach was
adopted in Tank B, which had two layers of pure fly ash, one at the top, another one
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laying between two layers of pure mine tailings. With the infiltration of water into tanks,
the pozzolanic reaction of fly ash was occurred causing less water infiltration into the
deeper level. Hence, the water contents in Tank B were the lowest among the four tanks.
In both Tank C and Tank D, the mixing approach was implemented with different mass
ratios of AFA and MT, i.e. 10:90 and 15:85, respectively. The water contents in these two
tanks were comparable. Before day 700, Tank D had higher variation of water contents
than Tank C. From day 700 to the end of the test, the water contents in both Tank C and
Tank D were maintained almost constant, and Tank D had higher water content than Tank
C.

Figure 3.7c Gravimetric water content in four tanks at depth 2.7 m
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3.3.3 Degree of Saturation
The degree of saturation (saturation hereafter) in Tank A, Tank B, Tank C and Tank D at
depths 0.9 m, 1.8 m and 2.7 m are presented in Figures 3.8a, 3.8b, 3.8c and 3.8d,
respectively. From the figures, it is noticed that the materials in four tanks did not reach
full saturation during three years of testing.

In general, the profiles of saturation in four tanks are similar to the gravimetric water
contents presented in Figures 3.6a, 3.6b, 3.6c and 3.6d. Figures 3.8a to 3.8d show that the
average saturation increased with depths in all tanks, except for Tank B. As noticed in
Figure 3.8b, the average saturation at depths 1.8 m and 2.7 m was lower than at depth 0.9
m in Tank B, due to the reduced hydraulic conductivity caused by the hydrated AFA
layers. Additionally, comparing the trends of saturation in all tanks at depth 1.8 m, Tank
A had larger variation of saturation than Tank C and Tank D, due to the poor water
retention. To understand the effect of adding coal fly ash into mine tailings on water
retention, the soil-water characteristic curve is studied for mine tailings, coal fly ash, and
their mixtures in Chapter 5.
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Figure 3.8a Degree of saturation in Tank A

Depth
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Figure 3.8b Degree of saturation in Tank B
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Figure 3.8c Degree of saturation in Tank C

41
3.4 Summary
The field test data in Tank A, B, C and D analyzed in this chapter include water content,
degree of saturation and temperature. It is evidenced that the addition of fly ash and the
placement methods have significant effect on the tailings. Tank A with pure mine tailings
was used as control test to compare with other three tanks. From the water content
profiles, the significant difference of water content in four tanks is observed at depths 1.8
m and 2.7 m, which may be attributed to the pozzolanic reaction of fly ash. Comparing to
the stratified approach in Tank B, the mixing approach adopted in Tank C and Tank D
had higher water content, higher degree of saturation and less temperature change in the
deeper zone of the tanks, as indicated in the profiles of water content, degree of saturation
and temperature.
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CH A PTER 4
TH ERM A L PR O PER TEIS O F COAL FLY ASH AND M INE TAILINGS
M IXTURES

4.1 Introduction
To achieve the objectives of this research, the thermal properties of mine tailings, fly ash
and their mixtures are measured in laboratory as a function of changing gravimetric water
content. Then, the lab testing results are further correlated to the field data.

4.2 Materials and Experiment

4.2.1 Materials
The same materials filled in the four tanks in the pilot test were tested. The coal fly ash
was obtained from the Atikokan Power Generation Station, and mine tailings were from
the Musselwhite Mine. Both Atikokan fly ash (AFA) and Musselwhite mine tailings (MT)
were air-dried and in the form of loose powder. The physical properties and chemical
compositions of AFA and MT have been reported in Table 4.1 (Wang 2009). Four sets of
samples were prepared, i.e. mine tailings, coal fly ash, and mixtures of fly ash and mine
tailings with mass ratios of 10:90 and 15:85. The bulk unit weight of all samples was
controlled to be 16.7 ±0.1 kN/m3, after trial and error in the lab.
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Table 4.1 Material characterization of Atikokan fly ash and Musselwhite mine tailings
(Wang 2009)____________________________________________________
Physical
AFA
MT
Properties
Colour
tan
black
7.4%
Grain Size
Sand (4.75-0.075 mm)
6.2%
Silt (0.075-0.002 mm)
81.6%
84.8%
Clay (<0.002 mm)
11.0%
9.0%
Chemical
Compositions
1
2
3
4
5
6
7
8
9
10
11

12

Si02
T i02
A1203
Fe203
MnO
MgO
CaO
K 20
N a20
P205
Cr203
Loss on
ignition,
L.O.I.
Total

AFA
37.99%
0.68%
19.92%
6.17%
0.03%
3.52%
15.66%
0.62%
9.30%
0.39%
0.00%

MT
50.82%
0.45%
8.87%
28.97%
0.36%
3.39%
3.19%
0.84%
0.02%
0.15%
0.02%

0.84%

0.05%

95.12%

97.13%

4.2.2 Experiment
The thermal properties of samples were measured by a KD2 Pro Thermal Properties
Analyzer provided by Decagon Devices, Inc. (Figure 4.1), which can measure the thermal
resistivity and volumetric heat capacity based on the transient line heat source method.
This device is in compliance to ASTM D5334-08 “Standard Test Method for
Determination of Thermal Conductivity of Soils and Rock by Thermal Needle Probe
Procedure”. The 30-mm long dual-needle sensor provided with the device was used in
this study to measure the thermal resistivity and volumetric heat capacity. The
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measurement was carried out following the Operator’s Manual of the thermal probe
(Decagon Devices, Inc.) and ASTM D5334-08. Before starting each measurement, the
sensor was calibrated by the standards from the manufacturer. Then, the needles were
inserted into the sample. Data were recorded after the samples and sensor reached the
temperature equilibrium. The duration between each measurement was controlled to be
about 15 to 20 minutes. During the experiments, the bulk unit weight of the tested
samples and temperature were maintained constant, and the gravimetric water content of
samples in the lab was selected corresponding to the range of gravimetric water contents
from the pilot test in each tank (Figure 3.6a to Figure 3.6d).

Figure 4.1 KD2 Pro Thermal Properties Analyzer with 30-mm long dual-needle sensor
(Decagon Devices, Inc.)
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4.3 Results and Discussions

4.3.1 Lab Results
The experiment results of thermal resistivities and volumetric heat capacities of MT, AFA,
and their mixtures with AFA-MT mass ratios of 10:90 and 15:85 are presented in Figures
4.2 and 4.3.

Figure 4.2 Thermal resistivities of Musselwhite mine tailings, Atikokan fly ash and two
mixtures

4.3.1.1 Thermal Resistivity
Figure 4.2 presents the thermal resistivity curves of four samples. It can be noticed that
the thermal resistivities of MT, AFA, and two mixtures decreased significantly when the
gravimetric water content increased from 0% to 5%. With the further increase in the
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gravimetric water content, the rate of decrease of thermal resistivities of four samples
reduced and approached equilibrium. Under a constant bulk unit weight, the effect of the
water content on the thermal resistivities of MT, APA, and mixtures of MT and AFA are
in agreement with results reported in the literature (Salomone and Kovacs 1984). This is
attributed to the fact that the path of heat transfer is created in voids occupied by water,
and water is more heat conductive than air. From Figure 4.2, the thermal resistitivities of
two mixtures were higher than that of MT. This is because the chemical reactions of AFA
consumed water for the pH adjustment and cementation, resulting in less water in voids to
transfer heat. When comparing with thermal resistivities of two AFA-MT mixtures, it can
be noticed that the AFA-MT mixture with 10:90 mass ratio has higher rate of decrease in
the thermal resistivity within the water content range from 0% to 5%. When water content
continuously increased, the thermal resistivity of 15:85 mixture became less than that of
the 10:90 mixture.

Figure 4.3 Volumetric heat capacities of Musselwhite mine tailings, Atikokan fly ash and
two mixtures
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4.3.1.2 Volumetric Heat Capacity
The volumetric heat capacities of MT, AFA and their mixtures in 10:90 and 15:85 mass
ratios are presented in Figure 4.3. In general, the volumetric heat capacities of four
samples increased linearly with the increasing water content. From Figure 4.3, the
increasing rate of volumetric heat capacity is the highest in AFA, followed by the 15:85
mixture and the 10:90 mixture. This is because the voids in the mixtures were filled with
the products from the pozzolanic reaction of AFA resulting in enhanced particles’ contact.
The better contact of particles leads to higher volumetric heat capacity, i.e. the better heat
storage (Abu-Hamdeh 2003).

4.3.2 Analysis of Pilot Test
The estimated profiles of thermal resistivity in four tanks at depths 0.9 m, 1.8 m, and 2.7
/

m are presented in Figures 4.4a to 4.4c, respectively. These results were obtained from
the measured thermal resistivity (Figure 4.2) and field water content (Figures 3.7a to 3.7c).
Figure 4.4a shows that the estimated thermal resistivities in Tank A, C and D changed
seasonally with the change of water contents at depth 0.9 m. The estimated thermal
resistivity in Tank B follows the same trend before day 400, but the response was delayed
after day 400. This may be attributed to the cemented AFA layer at the top of Tank B,
reducing the hydraulic conductivity. The variation of thermal resistivities in all tanks
became smaller at depths 1.8 and 2.7 m than at depth 0.9 m, as noticed in Figures 4.4b
and 4.4c. It is also noticed that the estimated thermal resistivities at depths 1.8 m and 2.7
m in Tank C with the 10:90 AFA-MT mixture was stable comparing to other three tanks.
At depth 2.7 m (Figure 4.4c), the estimated thermal resistivities in Tank A, C and D were
relatively constant during the 3-year pilot test period. However, the change of thermal
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resistivity in Tank B at depth 2.7 m was observed after day 400, which was caused by the
reduced water content in the voids resulting from the cemented AFA layers.

From the observation above, the addition of AFA has affected the thermal resistivity and
volumetric heat capacity of the reactive mine tailings, which may further affect the
temperature change in the tanks. Based on the lab results, MT has better heat transfer but
lower heat storage capacity, resulting in the low average temperature at depth 2.7 m in
Tank A (Figure 3.4b). In addition, the less variation in temperature in Tank C and D at
depth 2.7 m may be attributed to the higher volumetric heat capacity (Figure 4.3) and
constant thermal resistivity (Figure 4.4c).

Days

Figure 4.4a Estimated thermal resistivities in four tanks at depth 0.9 m
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Figure 4.4b Estimated thermal resistivities in four tanks at depth 1.8 m

Figure 4.4c Estimated thermal resistivities in four tanks at depth 2.7 m
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4.4 Summary
The thermal resistivities and volumetric heat capacities of MT, AFA, the AFA-MT
mixtures in the mass ratios of 10:90 and 15:85 are evaluated under the same bulk unit
weight with different water contents, and the lab results were correlated with the field
water content data. The thermal resistivities of four samples decreased significantly with
the increasing water content from 0% to 5%, and then, they approached constant at higher
water contents. It is found that MT had the lowest thermal resistivity. The volumetric heat
capacities of four samples increased linearly with the increasing water contents. The AFA
has the highest volumetric heat capacity, followed by the 15:85 mixture, the 10:90
mixture and MT, after the water content reached 5%. From the estimated field thermal
resistivities of four materials filled in the tanks, it is found that the mine tailings with coal
fly ash added (Tank C and Tank D) had stable thermal resistivity at depths 1.8 m and 2.7
m in the field. Therefore, the stable heat transfer and improved heat storage in Tank C and
Tank D may be the reason why both Tank C and Tank D had less change in temperature
than Tank A with MT.
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CHAPTER 5
SOIL-WATER CHARACTERISTIC CURVES OF COAL FLY ASH AND MINE
TAILINGS MIXTURES

5.1 Introduction
In this chapter, the soil-water characteristic curves (SWCCs) are established on the
samples of MT, AFA and their mixtures to study the effect of adding coal fly ash on the
water retention of mine tailings. Furthermore, the lab results are linked to field test data to
estimate suction in four testing tanks.

W ater is one of main factors affecting the generation of acid mine drainage, pH
adjustment and formation of CAH and CSH gels and ettringite from the addition of AFA,
as reviewed in Chapter 2. From observation of the pilot test, pure tailings in Tank A have
poor water retention (Wang 2009). Therefore, the SWCCs of MT and AFA-MT mixtures
can be used to assess the application of AFA in reactive mine tailings.

The filter paper method was used to develop the drying curves of SWCCs in the lab for
MT, AFA and AFA-MT mixtures with 10:90 and 15:85 mass ratios. Then, based on the
test results, the wetting curves and the in-situ suction in four tanks were established by the
“percent lateral shift” procedure (Fredlund et al. 2011), as reviewed in Chapter 2.
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5.2 Materials and Experiment

5.2.1 Materials
The materials for the study of SWCC were Akitokan fly ash (AFA) and Musselwhite
mine tailings (MT). Four samples were prepared, i.e. MT, AFA, and two AFA-MT
mixtures with mass ratios of 10:90 and 15:85. The grain size and chemical composition
are summarized in Table 4.1. The void ratios, specific gravities and saturated water
contents of the samples in the lab are presented in Table 5.1.
Table 5.1 Void ratios, specify gravities and saturated water contents of Musselwhite mine
tailings, Atikokan fly ash, and two mixtures in lab tests_____ ___________________
Saturated Water
Void Ratio
Specify Gravity
Content
(Gs)
(Ws, %)
(e)
MT

0.70

3.25

21.55

AFA

0.47

2.40

19.61

10:90 AFA: MT

0.72

3.18

22.64

15:85 AFA: MT

0.68

3.10

21.94

5.2.2 Experiment
The preparation, apparatus, and procedures of the filter paper method adopted in this
research are based on ASTM D5298-10 “Standard Test Method for Measurement of Soil
Potential (Suction) Using Filter Paper”. In addition, the procedure of the filter paper test
followed the instruction in Bulut (2001). This method has been evaluated by Fawcett and
Collis-George (1967), Fredlund and Rahardjo (1993a), and Greacen et al. (1987). The
filter paper is considered as a passive sensor to measure both soil matric and total suction
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(ASTM D5298-10). The method assumes that the filter paper will reach equilibrium with
a testing sample having a specific suction (Fredlund and Rahardjo 1993a), which can be
established by either liquid or vapor moisture exchange between the filter paper and
sample. When a dry filter paper is placed between the soil specimens with direct contact,
water is assumed to flow from the sample to the paper until equilibrium is reached. In
addition, when a dry filter paper is suspended above the sample, the equilibrium in the
filter paper is achieved by the water vapor flow from the soil to filter paper (Fredlund and
Rahardjo 1993a). The experiment procedure is shown in Figure 5.1 and described in
detail as follows (Bulut 2001 and ASTM D5298-10):
•

The sample with the specific water content is prepared and cut into two halves
(Step 1), and the 5.5-cm diameter Schleicher and Schuell filter papers are stored in
a desiccant jar.

•

Three stacked filter papers are placed on top of the sample for matric suction
measurement (Step 2), and then, the other half of sample is put on top to ensure
that the filter papers are in contact with the samples. Then, the electrical tape is
used to tape the two pieces of the samples together (Step 3).

•

The whole sample is placed into a cleaned and dried glass jar. A cleaned PVC Oring with the sharp edge facing up is placed on top of the sample for total suction
measurement. Then, two filter papers are placed on top of the ring (Step 4).

•

The lid of glass jar is put in place and sealed with the electrical tape (Step 5). Then,
the glass jar is kept in a temperature-controlled environment for at least one week.

•

After one week, the sample is ready for the measurement of water content in filter
paper (Step 6). The moisture tins are weighed on a balance with 0.000lg accuracy.
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•

The two top filter papers and the centre filter paper of a three-layer stack are
carried to the moisture tins in less than a few seconds separately, and the lid of tin
is closed immediately. Then, the total mass of wet filter paper and the moisture tin
is recorded. With the lids half open, all the moisture tins are placed in the oven for
at least 10 hours.

•

Before measuring the mass of dry filter paper and the tin, the lids should be closed
and left in the oven for about 5 minutes for equilibrium.

•

The hot tin is removed from the oven and put on an aluminum block for cooling
for about 20 seconds. Then, the total mass of dry filter paper and the hot tin is
weighed and recorded. Afterwards, the filter paper is removed from the tin, and
the empty hot tin is weighed.

•

The water content of filter paper is calculated from the measurements above, and
then the filter paper water content is converted to suction value by reference to a
calibration curve ( Schleicher and Schuell No. 589 curve in Figure 5.3).

Figure 5.2 shows the schematic of the experiment, and Figure 5.3 is the calibration curve
used in the experiments.
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\

Figure 5.1 The experiment procedure of filter paper method

Electrical Tape Two Filter Papers
PVC O-rrng

Electrical Tape

Three Stacked
Filter Papers

Figure 5.2 Schematic of filter paper method for Musselwhite mine tailings, Atikokan fly
ash, and their mixtures
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Figure 5.3 Calibration suction-water content curves for wetting of filter paper (ASTM
D5298)

The gravimetric water contents of MT, AFA and AFA-MT mixtures with 10:90 and 15:85
mass ratios in the lab experiments were selected based on the observation from the field
water content data (Figure 3.6a to Figure 3.6d). Table 5.2 shows five filter paper tests
with five different water contents for each sample.
Table 5.2 Water contents of Musselwhite mine tailings, Atikokan fly ash and two
mixtures in the filter paper tests___________ ________ _________ ___________
Test #4
Test #5
Sample’s Name
Test #1
Test #2 Test #3
Water contents (%)
MT

1.4

5.0

10.0

15.0

20.2

AFA

1.5

8.0

10.0

14.3

19.2

10:90 AFA and MT mixture

1.4

5.4

9.5

14.8

19.4

15:85 AFA and MT mixture

1.4

4.8

9.4

14.1

19.0
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5.3 Results and Discussions
The data analysis is focusing on the effect of adding AFA on the soil-water characteristic
curve of MT. The results are further implemented to estimate field suction in the pilot test
at the Musselwhtie Mine site and to study the application of AFA in reactive mine tailings
under the natural setting.

5.3.1 Lab Results
Figure 5.4 presents the dying curves of SWCCs of MT, AFA and the AFA-MT mixtures
with 10:90 and 15:85 mass ratios, measured by the filter paper method.

Figure 5.4 Drying curves of SWCCs for Mussel white mine tailings, Atikokan fly ash and
two mixtures
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The best fitting curves were developed based on Eq. [2.14], which describes the
relationship of suction and gravimetric water content (Fredlund et al. 2011). For
convenience of discussion, Eq. [2.14] is recalled as follows:
Ws

w(xp) =

[2.14]

In

Where:
w (ip) = gravimetric water content at certain soil suction
ws = saturated gravimetric water content
\|/ = matric suction (in kPa)
a = parameter approximating the air entry of the soil
n = parameter related to the rate of desaturation
m = parameter related to residual water content

The parameters a, n, and m were obtained by the regression analysis with SigmaPlot®, in
which the input data are the saturated water contents, the suctions and the gravimetric
water contents from the filter paper tests. The saturated water contents of four samples are
indicated in Table 5.1. The three parameters a, n, and m for MT, AFA and their two
mixtures are statistically acceptable with R2 > 0.9 (Table 5.3).
Table 5.3 Parameters a, n, m and R2for Musselwhite mine tailings, Atikokan fly ash and
two mixtures
Rz
n
M
a
0.9891
MT
0.9170
1.3423
5.7513
0.9282
0.4186
AFA
115.1040 6.9417
0.9930
0.5563
3.1036
10:90 AFA:MT
71.6824
0.9929
0.9142
15:85 AFA:MT
21.1757
1.5109
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Figure 5.4 presents the relationship of the gravimetric water content and suction of MT,
AFA, and their mixtures. It can be noticed that the suction in four samples increased with
decreasing water contents. The zero suctions of the samples are at the saturated water
content, and the highest suction in the SWCCs is 1,000,000 kPa (Fredlund and Xing
1994). From the experiment results, the SWCCs of MT, AFA and their mixtures are
similar to other geomaterials studied in the literature. Within the water content ranging
from 3% to 19%, the suctions in MT are the lowest, and those in AFA are the highest
corresponding to the same water content. The suctions of two mixtures were higher than
MT, but lower than AFA. Thus, the SWCCs of MT and AFA can be considered as the
lower bond and upper bond, respectively. The ranges of suction in four samples at 5%,
10%, 15% and 19% water contents are indicated in Figure 5.4. It is noted that the suctions
of these two mixtures are similar at lower water contents (5% to 10%), and the 15:85
mixture has higher suction than the 10:90 mixture after the water content increased to
12%. In addition, the parameter, n in the best fitting equation (Eq.[2.14]) is lower in the
mixtures than in MT, indicating the rate of desaturation is lower (Table 5.3). This is
attributed to the formation of CSH gel, CAH gel and ettringite from the pozzolanic
reaction of AFA, resulting in the reduced size of voids in the mixtures. As a result, the
molecular and physico-chemical forces in voids are enhanced (Fredlund and Rahardjo
1993a), which improved the water retention in the mixtures. The lab results are in
agreement with the observation from Wang (2009), which indicates that Tank A with MT
had poor water retention, comparing to the other tanks with the addition of AFA.

60
5.3.2 Estimated In-Situ Suction

Figure 5.5 Relationship between degree of saturation and suction for Musselwhite mine
tailings, Atikokan fly ash, and two mixtures

To estimate in-situ suction developed in four tanks at the Musselwhite Mine site, a
relationship between suction and degree of saturation in four samples (Figure 5.5) is
developed based on the conversion between the gravimetric water content and degree of
saturation. Then the in-situ suctions are estimated by the “percent lateral shift” procedure
(Fredlund et al. 2011). As shown in Table 4.1, both MT and AFA contain silt-sized
particles, so 50% of shift was used. By adopting Eq. [2.16] and the drying curves of
SWCCs (Figure 5.4) for the four samples, the estimated in-situ suctions of MT and two
mixtures are presented in Figures 5.6 to 5.7. Then, based on the degree of saturation from
the pilot test, the estimated maximum (drying) and minimum (wetting) curves of the
SWCCs in four tanks are presented in Figures 5.9 to 5.12. It is noticed that Tank A has
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larger suction range than other three tanks. Therefore, the water contents of mine tailings
vary significantly during the 3-year testing period, corresponding to the significant
variation in the degree of saturation, as observed in Figure 3.8a. On the other hand, it is
noted that Tank C (AFA-MT mixture with 10:90 mass ratio) has the smallest suction
range.

Figure 5.6 Drying and wetting curves of SWCC for Musselwhite mine tailings
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Figure 5.7 Drying and wetting curves of SWCC for 10:90 Atikokan fly ash-Musselwhite
mine tailings mixture

Figure 5.8 Drying and wetting curves of SWCC for 15:85 Atikokan fly ash-Musselwhite
mine tailings mixture
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Figure 5.10 Estimated suction in Tank B
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Figure 5.11 Estimated suction in Tank C
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Figure 5.12 Estimated suction in Tank D
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5.4 Summary
The SWCCs of mine tailings, coal fly ash, and their two mixtures with mass ratios of
10:90 and 15:85 are studied by performing the filter paper tests in the lab. From the
analysis of the SWCCs of these samples, it has been noticed that the addition of AFA can
improve water retention in MT. This explains why the mine tailings with coal fly ash
added in the pilot test, i.e. materials in Tank B, C and D have less variation in the degree
of saturation.
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CH A PTER 6
CONCLUSIONS AND RECOM M ENDATION

This research is to evaluate the application of fly ash in reactive mine tailings based on
the water content and temperature from a field pilot test on the Musselwhite Gold Mine in
Northern Ontario, thermal properties measured by a thermal probe and the soil-water
characteristic curve developed by filter paper method. The lab testing results of the
thermal properties and soil-water characteristic curves are related to the results of the insitu test to enhance the understanding on the addition of fly ash in mine tailings in a
natural setting.

6.1 Conclusions
The in-situ water contents and temperatures collected from Tank A, B, C and D from the
pilot test are studied in a relationship with time (days). The following conclusions can be
reached:
•

The variations of water content and degree of saturation are reduced in tailings
mixed with coal fly ash compared to pure mine tailings.

•

Among two tanks containing coal fly ash and tailings mixtures, Tank C, which
contains the mixture of AFA and MT with the mass ratio of 10:90, has more stable
water content, degree of saturation and temperature than Tank D with the AFAMT mass ratio of 15:85 during the 3 year testing period.
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The thermal resistivities and volumetric heat capacities of MT, AFA, and two AFA-MT
mixtures were tested by a thermal probe, and the soil-water characteristic curves of these
materials are developed by the filter paper method. The conclusions are as follows:
•

The thermal resistivities of MT, AFA and two AFA-MT mixtures decrease with
the increasing water content, and approach to constant when the samples approach
saturation.

•

The volumetric heat capacities of MT, AFA and two AFA-MT mixtures increase
linearly with increasing water contents. The mixture of AFA and MT with the
mass ratio of 15:85 has the highest volumetric heat capacity, followed by the
10:90 mixture, and MT, when water content is greater than 3.2%.

•

From the estimated thermal resistivities in the tanks, Tank C and Tank D has
stable heat transfer at depth below 1.8 m.

•

The addition of AFA improves the water retention in mine tailings.

•

The in-situ suction ranges of the mine tailings with coal fly ash added (Tank B, C,
and D) are smaller than the mine tailings (Tank A), resulting in the less variation
in degree of saturation in the field.

6.2 Recommendations
The application of AFA in MT in the pilot test is evaluated based on the water content
and temperature data. Also, the thermal and unsaturated properties are studied to develop
a better understanding of the application of coal fly ash in reactive mine tailings. It has
revealed that coal fly ash has affected the thermal properties and suction of mine tailings,
which can provide a way to develop a further study of the performance of coal fly in the
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control of acid mine drainage. The following aspects are recommended for the future
study:
•

The pilot test is recommended to be resumed at the Musselwhite Mine site to
collect more field data. So that the performance of AFA in MT in the field can be
studied for longer period.

•

The analysis of thermal properties is based on the set up in the lab. The field
thermal properties can be added into the future study, in order to better coordinate
the results from the lab and the field.

•

The in-situ unsaturated properties of MT and the mixtures are estimated based on
the lab results. The further study in the suction in the field for these materials is
recommended for the future engineering practice.
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